Abstract-Measurements of relative intensity noise and modulation response, before and after propagation in optical fiber, of the output field of multiquantum-well distributed-feedback (MQW-DFB) lasers are used to determine the influence of the intraband damping mechanisms, the DFB structure and the carrier transport and carrier capture into the QW's on the laser chirp. The power dependence of the linewidth enhancement factor is shown to explain the saturation of the laser linewidth at high optical powers.
I. INTRODUCTION

R
ECENT investigation of multiquantum-well distributedfeedback (MQW-DFB) lasers suggests that the laser dynamics are affected by intraband damping mechanisms such as spectral hole burning and carrier heating, longitudinal spatial variations of the optical intensity and/or carrier density due to the DFB structure, and carrier transport and quantum carrier capture into the quantum wells (QW's).
The chirp to intensity modulation index ratio (CIR) determines the small-signal modulation response (MR) of directly modulated lasers and the relative intensity noise (RIN) after propagation through an optical filter [1] . Although some analytical expressions have been proposed to model the CIR of DFB lasers, in practice it is necessary to perform numerical simulations to determine the laser chirp precisely. On the other hand, a simplified model has been proposed that accurately explains the carrier dynamics of MQW lasers and results in analytical expressions for the intensity modulation (IM) [2] and frequency modulation (FM) [3] of the laser.
In this letter, we derive expressions for the CIR of MQW lasers and give experimental evidence of the importance of the effect of the capture time into the QW's on RIN and MR after fiber and laser linewidth compared to intraband damping mechanisms and spatial hole burning. Inclusion of all these effects allows precise determination of the linewidth enhancement factor, , from measurements of RIN and MR after fiber. The power dependence of is shown to explain the increase of linewidth at high optical powers. 
II. THEORY
In [2] , effective small-signal rate equations for a directly modulated single-quantum-well laser were derived. Following the same approach, and neglecting diffusion along the barriers and the effect of the DFB structure, it can be shown that the same equations apply to MQW lasers with and Here, and are the intrinsic quantum capture and escape times, and are the effective capture and escape times, is the ratio between the volume of the separate-confinement heterostructure (SCH) region and the total volume of the quantum wells, is the length of the SCH region and is the diffusion coefficient. From the effective small-signal rate equations at modulation angular frequency , the photon density variation, , and the carrier density variation in wells, , and barriers, , can be derived and are given by
where the effective current injection into the QW's is and the effective nonradiative recombination rate due to the finite capture time in the QW's is Here, is the modulation current; is a Langevin photon noise source; is the resonant denominator of the modulation response when quantum capture effects are neglected, with the relaxation frequency squared, and the damping coefficient; is the average photon density; is the differential gain with the stimulated recombination rate in the well; describes the 1041-1135/99$10.00 © 1999 IEEE dependence of on photon density; is the confinement factor of the carriers in the QW's and and are the differential carrier lifetimes in wells and barriers, respectively.
Frequency variations, , are affected by changes in carrier density, and , and photon density, , and thus obey (4) where is the group index, is the real part of the effective modal refractive index, is the optical frequency, is the confinement factor of the carriers in the SCH region and is a Langevin noise source for frequency fluctuations. In (4), the last factor in the term in brackets accounts for the power dependence of the gain in the QW's, which through a Kramers-Kronig transformation results in a change in .
Propagation in dispersive fiber results in conversion of part of the FM into IM. The detected photocurrent at modulation frequency , after propagation, is related to fiber parameters and also to the chirp to intensity modulation index ratio as follows [1] : (5) where is the group velocity dispersion parameter and is the fiber length. In the following we will derive the CIR due current and photon variations for MQW lasers, which determine the small-signal MR and RIN after fiber (or any other filter, as explained in [1] , [4] ), respectively.
Substituting (1)- (3) into (4), we find that the CIR due to current variations, , is given by (6) where is the linewidth enhancement factor with the imaginary part of the effective refractive index, and is related to the ratio between the refractive index change due to a change in carriers in barrier and in well as The CIR due to photon fluctuations is given by (8) where is the photon lifetime. Finally, the laser linewidth is also affected by the changes in carrier density in the barrier as follows: (9) where is the Shallow-Townes linewidth. Equation (3) indicates that the carrier density in the barrier, , is comprised of two terms. The first one follows the dynamics of the carrier density in the well and results in an increase in the effective linewidth enhancement factor obtained from measurement of the linewidth by a factor , as observed in (9). For small capture times, this is also the effect on RIN. The second term of in (3) follows the current modulation signal and has an important effect on the MR after fiber, which is reflected in the term proportional to the resonant denominator of the MR, , in (6).
III. EXPERIMENT
Several 250-m-long single-mode MQW-DFB lasers at 1.55 m with high-reflection and antireflection coatings on the facets were used in the experiments. The was measured as explained in [1] and is shown in Fig. 1 for several laser output powers. According to (6), the is described by a second-order polynomial in . However, it was found that the experimental data is more precisely described by a higher order polynomial such as . Numerical simulations including both the effects of the quantum capture time and the DFB structure for the lasers tested indicate that the additional coefficients can be attributed to the DFB structure. Nevertheless, it was found that, for our lasers, (6) can well approximate the , and it was not necessary to include spatial hole burning. Thus, approximate expressions for and can be derived from (6). Measurements of RIN at the laser output, which are parasitic-free as opposed to the MR, were used to determine , and . The photon lifetime, , and were determined so as to obtain best agreement among the value for obtained from the coefficients and , and that obtained from measurement of RIN after propagation in dispersive fiber [4] . The values reported for in the literature vary from 0.01 to 0.5. For our lasers, we found that was negligibly small, and as a consequence, we can approximate in (1) and (8). The linewidth was measured using a self-heterodyne technique. The Lorentzian part of the linewidth was determined by fitting the lineshape to a Voigt profile, and was determined using (9). The values for obtained from measurements of linewidth, and RIN after fiber are shown in Fig. 2 as a function of laser output power. Agreement of all the four measurements is found. The inset shows the measured linewidth, which saturates at high powers. The solid line is the linewidth that would be obtained if had a constant value equal to that at low powers. Thus, the power dependence of can explain the saturation of the linewidth at high optical powers. It was found that the power dependence of originates mainly from the power dependence of , as determined from , which is also expected theoretically, since the carrier density in the wells is clamped and as a consequence is practically independent of optical power.
The measured has a strong dependence on optical power that cannot be explained by the power dependence of . Fig. 3 shows for three different lasers. The value of increases as the optical power increases, and seems to correlate with the laser threshold intensity, i.e., carrier density. As opposed to the carrier density in the wells , the carrier density in the barriers is not clamped, but increases with current injection , as . Above a critical carrier density, which for our lasers is estimated at cm , bandgap shrinkage effects contribute to a strong increase of the magnitude of with carrier density in the barrier [5] . On the other hand, is expected to increase for larger carrier density in the barrier due to a smaller diffusion coefficient and a larger quantum capture time [6] . We have corroborated that a combination of both effects can ex- plain the power dependence of in Fig. 3 . However, both contributions are difficult to separate and an independent measurement of or is needed to determine their dependence on optical power, which will be the subject of future research.
IV. CONCLUSION
The effect of the effective capture time into the quantum wells of MQW-DFB lasers on RIN and MR after propagation in dispersive fiber was studied theoretically and experimentally. The power dependence of the linewidth enhancement factor and effective capture time of MQW-DFB lasers was studied. The power dependence of the linewidth enhancement factor was able to explain the saturation of the linewidth at high powers.
